It is argued that in the antiproton-proton annihilation into two mesonspp −→ m 1 m 2 , the origin of different angular momentum selection rules commonly obtained for planar annihilation diagrams A2 and for non-planar rearrangement diagrams R2 lies in the omission of momentum transfer between an annihilated antiquark-quark pair and a remaining quark or antiquark. Therefore, there is no reason for dismissing non-planar R2 diagrams in favor of planar A2 diagrams. Some considerations in the related crossed-channel meson-nucleon scattering m 1 N −→ m 2 N ′ , within the framework of QCD in the limit of large N c , shed light on the planar and non-planar contributions to the total annihilation amplitude. In this limit of QCD, it is shown that thē N N annihilation into two mesons is of order N 0 c for A2 and N c for R2 diagrams. This N c -order in the A2 case is already known from baryon-meson scattering as investigated by Witten.
: Rearrangement diagram R2 (left) and annihilation diagram A2 (right). The numbers with bars denote antiquarks, those without bars the quarks while the dashed lines represent either the exchange of the effective 'vacuum' 3 P0 or 'gluon' 3 S1 state with momentum exchange δ(p 2 ′ − p2 − p3 − p6) for R2 and δ(p 4 ′ − p4 − p3 − p6) δ(p 7 ′ + p 8 ′ − p3 − p6) for A2. Note that the effective 3 P0 and 3 S1 states can be exchanged with any of the quark 1 or antiquarks5,4 in the R2 diagram and quark 1 or antiquark4 in the A2 diagram.
from the annihilatedq 6 q 3 vertex in Fig. 1 to any of the remaining quarks or antiquarks, which we claim is not realistic. If, on the other hand, momentum transfer is allowed in the non-planar R2 diagram [4] , the selection rules are modified and result into annihilation for ℓ ππ = 0, 1, 2, 3, ..., that is in S, P , D, F ,... waves, provided both the 3 P 0 and 3 S 1 mechanisms are taken into account.
The conclusion is that selection rules do not discriminate between the two topologies, R2 and A2, which both describe the annihilation. So, within a simple constituent quark model in a non-perturbative regime, it is a more consistent approach to consider all annihilation mechanisms equally as they represent different aspects of QCD.
2N N Annihilation and Crossing Symmetry
We mention another way that could shed some light on the question of dominance of either R2 or A2 topology. In this section the idea of exploiting the features of QCD in the limit of large number of colors N c will be used to test, if not quantitatively then at least qualitatively, whether any particular annihilation topology is dominant. This is not limited to the specific case of antiproton-proton annihilation into scalar or vector mesons, but generally to the reactionN N → m 1 m 2 .
In his seminal paper [5] , 't Hooft suggested that one can generalize QCD from three colors and a SU(3) gauge group to N c colors and a SU(N c ) gauge group. It was shown that QCD simplifies in the limit of large N c and g 2 N c fixed and that there exists a systematic expansion in powers of 1/N c . One crucial property of this limit is that at N c = ∞ the meson and glue states are free, stable and non-interacting. Other important consequences are that at N c = ∞ mesons are pureqq states, since the sea quarks and antiquarks vanish for large N c . Moreover, Zweig's rule becomes exact in this limit. These results are restricted to color-singlet glue states (glue balls) and mesons.
The extension to baryons was carried out by Witten, who treated the nucleon-nucleon interaction in large-N c QCD [6] . The main result that emerged from his qualitative analysis is the N c -order of elastic baryonbaryon and baryon-meson scattering amplitudes. The former is of order N c and the latter of order N 0 c . Since it is shown in [6] that all energy contributions to the baryon mass M are of order N c , the (non-relativistic) kinetic energy M v 2 /2 is of equal order N c as the baryon-baryon interaction energy. Hence, the scattering cross section for baryon-baryon scattering does not vanish in the large N c limit. On the other hand, the baryon-meson scattering amplitude, being of order N 0 c according to Ref. [6] , is negligible compared with the baryon mass and to leading order in 1/N c the baryon propagates unperturbed by mesons. The meson mass is of order N 0 c ; it follows that the kinetic energy of the meson is of the same order as the baryon-meson interaction energy which is therefore large enough to influence the motion of the meson. For the dynamics of baryon-meson systems, this means the meson is scattered off the baryon but the baryon itself remains 'free' for N c → ∞.
The aim of this section is to verify whether the above results hold for the general case of antinucleon-nucleon annihilation into two mesons. It is clear from Fig. 1 , that it is somewhat awkward to generalizeN N annihilation into two mesons for N c quarks and N c antiquarks in theN N pair, for the simple reason that mesons remainqq states for large N c . 1 TheN N elastic 1 The general case of annihilation and rearrangement of Nc quarks and Nc antiquarks (with possible creation ofqq pairs) in an arbitrary number of (Nc − k) mesons was studied by Pirner [7] using overlap integrals with spatial and color wave functions generalized to Nc (anti)quarks. Notwithstanding the observation of Dover et al. [2] , he concluded that there is no evidence for a larger weight of the annihilation diagrams. Figure 2 : Non-planar quark-line diagram of meson-nucleon scattering in the large Nc limit. A quark pair is rearranged between the meson and nucleon (R2-topology) and a gluon is exchanged ( 3 S1). The quark-gluon vertices carry the coupling constant g/ √ Nc; the gluon can be exchanged with any other Nc − 1 quarks. In the text, we also consider the same diagram without gluon exchange (corresponding to the R2 diagram with 3 P0 mechanism in Fig. 1 ).
scattering in the large N c limit is obvious (there are as many quarks and antiquarks in the final state as in the initial state). In the annihilation case all additional (N c − 3) quark-antiquark pairs now must also be annihilated.
For comparison's sake, it is preferable to resort to the scattering m 1 N → m 2 N ′ . This reaction is related toN N annihilation by crossing symmetry. In meson-nucelon scattering at leading order, a meson m 1 is absorbed by the nucleon N to create an intermediate virtual baryon (N , N * , ∆) in the s-channel or a virtual meson can be exchanged bewteen the nucleon and the meson m 1 in the t-channel. The particles in the final state are a meson m 2 (not necessarily the same as m 1 ) and a nucleon N ′ . We will come back to this hadronic aspect later.
In a constituent quark picture, there is a variety of processes that contribute to this scattering channel in the large-N c limit. Two typical diagrams with gluon exchange ( 3 S 1 ) are depicted in Figs. 2 and 3 , which are large N c crossed-channel extensions of the R2 and A2 diagrams, respectively. The same diagrams without gluon exchange ( 3 P 0 ) will also be discussed. In the 1/N c expansion, the nucleon consists of N c quarks of N c different colors forming an antisymmetric color-singlet, whereas the meson remains a boundqq pair. Since the meson contains only one antiquark with anti-color c, there is only one choice for the annihilation with a nucleon-quark, namely the unique single quark that carries the color c.
Consider first Fig. 2 but without gluon exchange (which corresponds to Figure 3 : As in Fig. 2 but for the planar case. This graph corresponds to the A2 topology with 3 S1 mechanism in the crossed annihilation channel of Fig. 1 . Again gluon exchange is invoked, but we also consider the same planar diagram without gluons.
the R2 diagram with 3 P 0 mechanism and no color exchange): a nucleonquark is exchanged with a meson-quark. The color of the meson-quark is c and by reinserting it in the final nucleon the annihilated quark with the same color c is 'replaced' in N ′ . The final meson must be a color-singlet, therefore the antiquark of the createdqq pair must have the anti-colorc ′ matching the color of the quark coming from the initial nucleon N . Since there is no color exchange for the 3 P 0 mechanism, the quark of the createdpair inserted in N ′ will carry the same color c ′ as the quark in m 2 . With this choice of topology and colors, the color-neutrality of the nucleon and meson are preserved. However, neither initial quark nor antiquark contained in the meson m 1 appear in the final meson m 2 , which results in one colordegree of freedom. More precisely, one is free to pick any of the N c − 1 ≃ N c remaining quarks in N with color c ′ and form a meson m 2 with the created antiquark of colorc ′ . Now we consider Fig. 2 with gluon and consequently with color exchange. Introducing gluon exchange adds a combinatorial factor N c , but at every vertex there is a coupling constant g/ √ N c . The amplitude in the large N c limit for the 3 S 1 mechanism in the R2 topology is then of 1/N c order
which is the same N c behavior as for the 3 P 0 mechanism in the R2 topology. This characteristic N c -dependence for R2 also holds for an arbitrary number of gluon exchanges. This is not in accordance with Witten's observation that large-N c meson-baryon scattering is generally of order N 0 c = 1 and has already been noticed by Banerjee et al. [8] . To be sure, in his qualitative analysis, Witten [6] considers a still different topology, where neither aqq pair is annihilated nor created and the initial antiquark in the meson m 1 is also present in the meson m 2 . In this case, the anti-color in m 2 is fixed which eliminates the combinatorial factor N c encountered above.
Turning now to the meson-nucleon scattering A2 topology as shown in Fig. 3 , one finds a case where an initial meson-quark is still contained in the final meson m 2 . As before, aqq pair is annihilated but the mesonquark is not exchanged with a nucleon quark. First we consider no gluon exchange. Then the color content of the meson m 2 is fixed and so is the color of the created quark in N ′ . This corresponds to the A2 diagram in the crossed channel with two 3 P 0 annihilation verticesq 6 q 3 andq 5 q 2 (see Fig. 1 ), and the scattering is of order N 0 c . Any gluon exchange, which results from substituting a 3 P 0 vertex by a 3 S 1 vertex, involves two vertices with coupling constants g/ √ N c canceling each time the combinatorial factor N c from choosing a quark in the nucleon N . For example, in an A2 diagram with two-gluon exchange the N c -dependence of the amplitude is
which is again of order N 0 c .
A Qualitative Conclusion
The conclusion that can be drawn from the preceding large-N c arguments is that i) in the 1/N c expansion of QCD the N c order of a diagram solely depends on its topology and not on the particular annihilation mechanism used, and ii) that the non-planar diagrams R2 of order N c dominate the planar A2 diagrams of order N 0 c . This contradicts the statements of Dover et al. [2] , who base their reasoning on SU(3) symmetry breaking and selection rules. At this point it should be mentioned that similar findings were reported in Refs. [9] and [10] , where it was noted that solely the R2 topology is necessary (although both annihilation mechanisms 3 P 0 and 3 S 1 are required) to reproduce the LEAR data onpp → π − π + differential cross sections and analyzing powers [11] .
The physics contained in the diagrams typified by Figs. 2 and 3 can be equated at the hadronic level with different contributions to the mesonnucleon scattering amplitude (see Fig. 4 ). In a hadron-based picture of πN scattering for example, the crossed-channel A2 amplitude in Fig. 3 can be interpreted as a resonance πN → N * , ∆ → πN in the s-channel and as a ρ(2π) exchange in the t-channel. The crossed-channel R2 amplitude in Fig. 2 can be understood as pion-nucleon scattering with exchange of a meson, for example a ρ(2π), in the t-channel. This means that in large-N c QCD, the pion-nucleon scattering amplitude due to rearrangement of quarks dominates the annihilation amplitude by an order of N c . Since the rearrangement diagram in Fig. 2 cannot be used to describe a resonance in the s-channel, it appears that at the hadronic level πN scattering due to meson exchange in the t-channel is favored in the 1/N c expansion.
This by itself is an interesting statement, but at this qualitative stage it is not clear which practical consequences for low energy meson-nucleon scattering are implied. Similarly, in the case ofpp annihilation, in this range of energies an ideal model should contain both A2 and R2 topologies.
